ABSTRACT Social users can be flexibly covered by a vehicle traveling along a certain trajectory in a city. This scenario provides opportunities for marketers to utilize vehicles as recommenders targeting potential customers. As a result, the vehicle social network (VSN) concept emerges. Since a marketer usually operates from a remote central office (CO), an effective communication system is urgently required to support data transmission between VSNs and COs. Orthogonal frequency division multiplexing (OFDM) is a modulation technique characterized by high spectral efficiency and dispersion resistance, and intensity modulation and direct detection (IM/DD) is an effective solution for optical OFDM (OOFDM) data transmission. Performing discrete Fourier transform (DFT) and discrete Hartley transform (DHT) operations can enable the satisfaction of various transmission requirements between a VSN and a CO. In this paper, we support the above claims through theoretical and simulation-based analyses. Moreover, a software-reconfigurable platform is established to achieve flexibility between DFT and DHT functionalities. Thus, diverse transmission requirements can be satisfied by modifying individual modules deployed in a single smart system instead of using multiple rigid network architectures. Simulated and experimental results both demonstrate the feasibility and effectiveness of our solutions.
I. INTRODUCTION
As a moving node in a city, a vehicle has its own dataset of trajectories. On each trajectory, wireless links can be built between multiple users and the vehicle, as shown in Fig. 1 . Because each vehicle is associated with a specific area that covers certain potential customer groups, such mobile vehicles have become the basis of a Vehicle Social Network (VSN) for recommending products to potential users in modern society [1] - [7] . However, little research has focused on advertising through a VSN [8] . For VSN-based advertising, the marketer-usually located in a remote Central Office (CO)-selects certain vehicles to act as recommenders according to their coverage areas. Information about the vehicles' coverage areas will be sent from the VSN to the marketer working at the CO (data center [9] - [11] ), i.e., data backhauling. In addition, the marketer will sent the results regarding the chosen recommenders to all vehicles in the VSN, i.e., data fronthauling. Intuitively, an effective communication system is urgently required to support data back-/fronthauling between COs and VSNs.
It is beneficial to use a Passive Optical Network (PON) as the medium for transmission between a VSN and a CO by virtue of such networks' characteristics of high bandwidth and low transmission loss. Figure 1 shows a classical PON that can effectively support back-/fronthauling of the type described above. The Optical Network Units (ONUs) of the PON are connected to the VSN. This is a cost-efficient approach because existing optical fibers have already been deployed between the ONUs and the Optical Linear Terminal (OLT) at the CO. Moreover, to satisfy the flexible capacity requirement of VSNs, a modulation technique with high spectral efficiency is very important.
Orthogonal Frequency-Division Multiplexing (OFDM) is a modulation technique characterized by high spectral efficiency and dispersion resistance. Intensity Modulation and Direct Detection (IM/DD) transmission has received considerable attention for use in Optical OFDM (OOFDM) systems due to its advantages of simple implementation and low cost. Therefore, we focus on point-to-point communication between one vehicle in the VSN and the CO using an IM/DD OOFDM system.
The structure of a typical IM/DD OOFDM transmission system is shown in Fig. 2 [12] , [13] . On the transmitter side, the input data are first mapped to symbols and then parallelized into N streams via a Serial-to-Parallel (S/P) converter. The resulting symbols are then modulated into N subcarriers through an Inverse Discrete Fourier Transform (IDFT) block and subjected to Parallel-to-Serial (P/S) conversion. A Digital-to-Analog Converter (DAC) is utilized to generate an analog signal. The resulting signal is modulated into the optical domain by an intensity modulator and travels through a Standard Single-Mode Fiber (SSMF). On the receiver side, a PhotoDiode (PD) is first employed to convert the received optical signal into an electrical signal. This electrical signal is processed using a procedure that is the inverse of that applied on the transmitter side. The signal used to drive the intensity modulator must be real and positive in an IM/DD OOFDM system, but the IDFT-converted signal is naturally bipolar and takes complex values.
To obtain a real signal, the most commonly utilized method is to combine the Inverse Fast Fourier Transform (IFFT) with Hermitian symmetry [14] . The structure of the corresponding IM/DD OOFDM system is shown in Fig. 3 . Suppose that 2 · N subcarriers are used to transmit signals. On the transmitter side, through the S/P converter, the input data are parallelized into signals [x 0 , x 1 , x 2 , . . . , x N −2 , x N −1 ], which will be mapped to N of the subcarriers under a Quadrature Amplitude Modulation (QAM) constellation. The remaining N subcarriers will carry the conjugate signals,
, to achieve Hermitian symmetry. As the output data after IFFT processing, these signals become real, with an imaginary part of zero.
After generating a real signal through IDFT processing, we sequentially apply the operations of P/S conversion, Cyclic Prefix (CP) addition and digital-to-analog conversion to generate an analog OFDM signal. A Continuous Wave (CW) input is injected into a Mach-Zehnder Modulator (MZM), which is driven by the generated OFDM signal, for intensity modulation. On the receiver side in Fig. 3 , the received signal is sequentially processed by a PD and an Analog-to-Digital Converter (ADC) and then subjected to CP removal, S/P conversion and DFT processing. Finally, the signal is recovered after channel estimation and QAM demodulation.
A. OUR PRELIMINARY WORK
Although IFFT processing combined with Hermitian symmetry can produce a real signal in an IM-DD OOFDM system, this requires the consumption of an additional N subcarriers to carry conjugate signals instead of useful data, thus worsening the spectral efficiency. Here, the spectral efficiency is defined as the ratio of the number of subcarriers carrying useful data to the total number of consumed subcarriers. To solve this problem, the Discrete Hartley Transform (DHT) approach was proposed in our previous work. The following is a brief introduction to a DHT-based OOFDM system. First, the implementation principle is shown by Eqs. (1)- (2) .
where H (k) denotes the symbol sequence and x(n) is the OFDM symbol sequence. Without enforcing Hermitian symmetry, we can still obtain a real signal by applying the Inverse Discrete Harley Transform (IDHT) combined with one-dimensional constellation mapping, such as Binary Phase Shift Keying (BPSK) or M-ary Pulse-Amplitude Modulation (MPAM). The structure of the DHT-based OOFDM transmission system is shown in Fig. 4 . On the transmitter side, the input data are parallelized into BPSK or PAM signals that will be fed into the IDHT block. The subsequent operations include P/S conversion, CP addition and DAC conversion. Next, the optical signal enters the MZM for intensity modulation. On the receiver side, with the power increased by the EDFA amplifier, the received signal is sequentially processed through analog-to-digital conversion, CP removal, S/P conversion and DHT processing. Finally, the signal is recovered after channel estimation and BPSK/PAM demodulation. To further obtain a real and unipolar signal, one of two methods, Direct Current Optical OFDM (DCO-OFDM) [15] or Asymmetrically Clipped Optical OFDM (ACO-OFDM) [16] - [19] , is then applied after IFFT or IDHT processing.
Nevertheless, this previous work suffers from the following shortcomings, and there are new problems that are urgently required to be solved.
• As previously mentioned, ACO-OFDM or DCO-OFDM can be used to make the real signal unipolar. To more effectively verify the superiority of the ACO approach in a DHT-based OOFDM system, a performance comparison between the ACO and DCO approaches is necessary.
• The previous work demonstrated that DHT processing is superior to DFT processing in an ACO-OFDM system. However, the DHT method does not always exhibit better performance than the DFT method in all situations.
• In fact, by utilizing either DHT and DFT processing under different circumstances, various requirements for transmission between VSNs and marketers can be satisfied. In addition, as shown in Fig. 3 and Fig. 4 , the conversion of functionality between DHT and DFT processing is actually a process of changing individual modules. For example, to address a certain communication requirement that can be well satisfied by using DHT processing, we need only to convert the (I)FFT and QAM modulation modules-which implement the DFT function-into (I)DHT and PAM modules. Hence, a more flexible and intelligent ACO-OFDM systemsupporting the aforementioned functional variabilityshould be built to satisfy different requirements for transmission (i.e., different applications) between VSNs and marketers.
B. OUR CONTRIBUTIONS
The main contributions of this work to solving the problems discussed above can be summarized as follows.
• To support point-to-point data communication between vehicles in a VSN and a CO, we construct a DHT-ACO-OFDM system and detail its implementation principles. We then compare the performance of DHT-ACO-OFDM and DHT-DCO-OFDM systems through simulations. The simulation results show that the ACO approach is superior to the DCO approach in a DHT-based OOFDM transmission system.
• A more extensive performance comparison between DHT-ACO-OFDM and DFT-ACO-OFDM is also conducted. The simulation results show that the DHT-ACO-OFDM system has a higher spectral efficiency when the spectral width remains constant, and the Bit Error Rate (BER) is acceptable for data transmission. However, in the case of high-order modulation, the DFT-ACO-OFDM system has a lower BER.
• For the first time, Software-Defined Network (SDN) functionality [20] - [24] is applied in an ACO-OFDM physical layer. We establish the corresponding softwarereconfigurable and OOFDM-based data transmission platform. The platform controller analyzes a given transmission requirement (application) at its northbound interface, and it distributes the flow table to its southbound interfaces, including the physical ACO-OFDM transmitter and receiver. Adaptive variation between DHT and DFT functionality, i.e., the modification of individual modules, will be performed on the transceivers in accordance with the flow table to satisfy the current requirement for transmission between the VSN and the CO. The remainder of this paper is organized as follows. In section II, we describe the implementation principles of the DHT-ACO-OFDM system. A performance comparison between DHT-ACO-OFDM and DFT-ACO-OFDM systems is presented in section III. We design the softwarereconfigurable and OOFDM-based data transmission platform in section 11. Finally, a short review of related work is presented in section V before the paper is concluded in section VI.
II. DHT-ACO-OFDM IMPLEMENTATION PRINCIPLES
First, we compare the metrics of ACO-OFDM and DCO-OFDM to verify the superiority of the ACO technique in a DHT-based OOFDM transmission system. Figure 5(a) shows the signal waveform after the addition of a DC bias voltage (DCO). Figure 5(b) shows the signal waveform after asymmetric clipping (ACO). Compared with ACO-OFDM, DCO-OFDM requires a higher signal amplitude to produce the same unipolar signal. Hence, it is inefficient if we must add a large DC bias to a real signal. To solve this problem, we utilize ACO-OFDM to obtain a unipolar signal that can be properly recovered without being affected by clipping noise.
The implementation principles for DHT-ACO-OFDM are illustrated by Eqs. (3)- (8) . First, as shown by Eq. (3), the signal x(n) to be carried by the first N 2 subcarriers and the signal x(n + N 2 ) to be carried by the last N 2 subcarriers are generated:
where cas( 
Thus, the OFDM symbol sequence is
] after constellation mapping. We then insert zeroes into the signal such that H (k) contains only odd components, as follows. In other words, we use odd subcarriers to transmit the data, whereas the clipping noise is isolated to the even subcarriers.
The symbol sequence H (k) shown in Eq. (5) is subjected to IDHT processing, thus generating the signal x(n).
On the receiver side, we perform DHT processing of the signal x(n) in accordance with Eq. (6) before demodulation.
When k is odd, we have
The relationship between the recovered sequence H c (k) and the input sequence H (k) is given as follows:
We can conclude that in DHT-ACO-OFDM, we use odd subcarriers to transmit data, and the amplitudes in the odd subcarriers are half of the original values; moreover, the data cannot be affected by the clipping noise, which falls into the even subcarriers.
We also present a performance comparison between DHT-ACO-OFDM and DHT-DCO-OFDM. In our simulation, as depicted in Fig. 6 , the data are first mapped to a BPSK constellation and are then subjected to 512-point IDHT processing, P/S conversion and CP addition. Among the 512 subcarriers, the even subcarriers are not modulated, and only 255 of the subcarriers are used for data. The CP is 1 16 of an OFDM symbol, for which 16 samples are used. A laser with a 5-kHz linewidth is used to generate optical carriers. An MZM is used to modulate the optical carriers. A white VOLUME 5, 2017 Gaussian channel is considered. The digital signal is decoded on the receiver side.
In Fig. 6 , when the BER is 10 −3 , DCO-BPSK with biases of 7 dB and 13 dB requires normalized bit energy values of approximately 4 dB and 6 dB, respectively, which are greater than those required for ACO-BPSK. In addition, the BER of ACO-BPSK is significantly lower than that of DCO-BPSK.
III. PERFORMANCE COMPARISON BETWEEN DHT-ACO-OFDM AND DFT-ACO-OFDM
In this section, we analyze the performance of DHT-ACO-OFDM and DFT-ACO-OFDM transmission systems in more detail. The CP is 16. We consider 300 symbols; usually, 7.35 training symbols are included in every 100 symbols, so we use 30 training symbols. In the DHT-ACO-OFDM transmission system, M -PAM constellation mapping is first performed; then, we apply 512-point IDHT processing. Among the 512 subcarriers, the even subcarriers are not modulated; i.e., only 256 subcarriers are used for data. In the DFT-ACO-OFDM transmission system, because the effective number of subcarriers is half of the number of DHT points, for fairness, we use M -QAM constellation mapping. We then apply 512-point IDFT/IFFT processing. Because the even subcarriers are not modulated and Hermitian symmetry must be satisfied, only 127 subcarriers are used for data.
From Fig. 7 , we find that the BERs of DHT-ACO-OFDM with 16-PAM, 32-PAM and 64-PAM are higher than those of DFT-ACO-OFDM with 16-QAM, 32-QAM and 64-QAM. However, the BERs of DHT-ACO-OFDM are also able to satisfy the transmission requirements, and the corresponding spectral efficiency is 2 times that of DFT-ACO-OFDM. This is because to generate a real signal in the DFT-based OOFDM system, Hermitian symmetry must be satisfied, and only half of the subcarriers are used to carry useful data. By contrast, in the DHT-based OOFDM system, a real signal can be directly obtained via BPSK or a PAM constellation; i.e., no Hermitian symmetry is required. In other words, all subcarriers are used to carry data in the DHT-based OOFDM system, thereby improving the spectral efficiency. This improvement in spectral efficiency is guaranteed for DHT-ACO-OFDM since it involves the same unipolar signal processing as DFT-ACO-OFDM.
In summary, we can conclude that DHT-ACO-OFDM offers a higher spectral efficiency when the spectral width remains constant, and the BER is acceptable for data transmission. However, in the case of multimode modulation, DFT-ACO-OFDM results in a lower BER.
IV. SOFTWARE-RECONFIGURABLE AND OOFDM-BASED DATA TRANSMISSION PLATFORM
According to the simulation analysis presented in section III, we find that utilizing DHT and DFT under different circumstances can enable the satisfaction of various requirements for transmission between VSNs and COs. As a result, we design a software-reconfigurable and OOFDM-based data transmission platform to satisfy different requirements for transmission (different applications) between a VSN and a CO. This platform is established based on SDN. As shown in Fig. 8 , the platform controller first analyzes a specific transmission requirement, such as that for application 1 (improving spectral efficiency as the first priority), at its northbound interface, and it distributes the resulting flow table to its southbound interfaces, including the physical ACO-OFDM transmitter and receiver. An adaptive change in functionality from DFT to DHT processing, i.e., a change from (I)FFT and QAM modules-which implement the DFT functionto (I)DHT and PAM modules, will be performed at the transceivers in accordance with the flow table. Similarly, if the current transmission requirement is identified to be that for application 2 (improving the BER as the first priority) by the platform controller, an adaptive change in functionality from DHT to DFT processing, i.e., a change from (I)DHT and PAM modules to (I)FFT and QAM modules, will be performed at the transceivers in accordance with the flow table. Figures 9 and 10 show the Wireshark capture of extended Flow Mod messages for improving the BER and spectral efficiency, respectively. We add modulation and transformation fields to achieve on-demand data transmission based on Flow Mod messages. More specifically, we let 0×0101 represent the combination of QAM and FFT processing, whereas the field 0×0202 represents the combination of PAM and DHT processing. QAM and FFT processing can satisfy the requirement of low-BER transmission. Alternatively, high spectral efficiency can be achieved by means of PAM and DHT processing. In Fig. 11 , we evaluate the processing latency of the control plane. The processing latency here is defined as the VOLUME 5, 2017 FIGURE 11. Processing latency.
time elapsed between when a request for data transmission is received and the Flow Mod message is distributed. We report the results of 10 independent tests of processing latency. We can see that the average latency is merely 643 microseconds (us) in the case of BER priority; meanwhile, the scheme in which spectral efficiency is prioritized takes 736 us. In summary, to flexibly satisfy different transmission requirements or the needs of future newly developed applications, a platform that is capable of software-defined adaptation between DFT and DHT functionalities is more effective because the corresponding control delay is much shorter than that in a rigid network structure.
V. RELATED WORK
In [6] , the existing communication-supporting technologies for VSNs were summarized, and the authors achieved trajectory-data-analysis-based traffic anomaly detection for VSNs. This work proved the possibility that a vehicle's trajectory covering potential users can be exploited for meaningful purposes such as advertising recommendation. In [8] , the authors designed three algorithms for selecting specific vehicles for use as recommenders for advertising in a VSN. In the first algorithm, the vehicles that could achieve the maximum benefits for the marketers would be selected, whereas the second approach chose the vehicles that afforded the maximum coverage ratio in the city to seek greater future marketing effectiveness for the marketer. A third recommendation strategy combining the advantages of these two algorithms was also formulated. However, few advertising recommendation algorithms have been proposed to date, and the problem of data transmission between vehicles in a VSN and a marketer located at a remote CO has not been well investigated.
An OOFDM-PON is a very promising candidate for data back-/fronthauling between a CO and a VSN since it provides highly spectrally efficient channels for the delivery of real-time information about the coverage ratios provided by vehicles. For the current concept of IM/DD OOFDM-PON transmission systems, DFT and DHT are two major contributing technologies. In [25] , the authors proposed a DHT-spread technique for the reduction of the Peak-to-Average Power Ratio (PAPR) in an ACO-OFDM system. The authors also designed another up-link transmission scheme for a long-reach DHT-based ACO-OFDM system in [26] . Meanwhile, in [27] , the authors experimentally demonstrated a 256-ary Quadrature Amplitude Modulation (256-QAM) IM/DD OFDM transmission system in which the DFT-spread approach was used to reduce the PAPR of the transmitted OFDM signal.
In fact, utilizing DHT and DFT processing under different circumstances can enable the satisfaction of various requirements for transmission between a VSN and a marketer. Therefore, the design of a software-reconfigurable transmission platform, which is our focus in this study, is very important.
VI. CONCLUSION
It is very meaningful to establish a system to support point-to-point data transmission between a VSN and a CO. Through simulations, we first demonstrate the superiority of the ACO approach in a DHT-based OOFDM transmission system. Next, we find that DHT-ACO-OFDM offers higher spectral efficiency than DFT-ACO-OFDM when the spectral width remains constant while achieving an acceptable BER for data transmission. However, in the case of multimode modulation, DFT-ACO-OFDM yields a lower BER. On the basis of the above simulation results, we establish a software-reconfigurable OOFDM-based data transmission platform that can satisfy different requirements for transmission between a VSN and a CO by virtue of permitting adaptive variation in functionality between DFT and DHT processing. Experimental results demonstrate that the control delay when performing such a software-defined change in functionality is only at the millisecond level. In our future work, to effectively satisfy various communication requirements for VSNs, we will continue to focus on softwaredefined optical transmission while also considering other newly developed techniques apart from DHT and DFT processing. More importantly, the future version of the system is expected to effectively support point-to-multipoint data communication between a CO and various vehicles in a VSN. XINTONG CAI is currently pursuing the M.S. degree in communication and information systems with Northeastern University, Shenyang, China. Her research interests include optical OFDM systems.
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